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1 These author contributed equally to this work.Regulation of tetrapyrrole biosynthesis in higher plants has been attributed to negative feedback
control. Two effectors of feedback inhibition have been identiﬁed, heme and the FLU protein. Inhi-
bition by heme implicates the Fe-branch via regulation of the initial step of tetrapyrrole synthesis. In
the present work a FLU-containing chloroplast membrane complex was identiﬁed, that besides FLU
comprises the four enzymes catalyzing the ﬁnal steps of chlorophyll synthesis. The results support
the notion that FLU links chlorophyll synthesis and the target of feedback control, glutamyl-tRNA
reductase, thereby allowing also the Mg-branch to control the initial step of tetrapyrrole synthesis.
Structured summary of protein interactions:
FLU, CHL27, PORB, PORC and CHLP physically interact by blue native page (View interaction)
FLU physically interacts with CHL27, PORB, PORC, CHLP and GluTR by anti tag co-immunoprecipitation
(View interaction)
FLU physically interacts with CHL27 by anti bait co-immunoprecipitation (View Interaction: 1, 2)
FLU physically interacts with CHL27 by anti tag co-immunoprecipitation (View interaction)
FLU physically interacts with CHL27, PORB, PORC and CHLP by anti tag co-immunoprecipitation (View
interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction FLU has been proposed to play a similar and complementary roleIn plants tetrapyrroles are synthesized from a common precur-
sor, 5-aminolevulinic acid (ALA), via a branched pathway [1]
(Fig. 1). Regulation of tetrapyrrole biosynthesis has been attributed
to metabolic feedback control of the ﬁrst enzyme committed to tet-
rapyrrole synthesis, glutamyl-tRNA reductase, by heme [2,3].
Another negative regulator of tetrapyrrole biosynthesis, the FLU
protein, acts independently on the same target enzyme as heme
[4]. Whereas the inhibitory activity of heme implicates the Fe-
branch with regulating the initial step of tetrapyrrole synthesis,chemical Societies. Published by E
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te for Plant Research, Ithaca,for the Mg-branch [5]. However, so far there have been no experi-
mental data to substantiate this proposed link between the
Mg-branch and FLU. In the present work we have identiﬁed a novel
FLU-containing membrane complex that besides FLU contains four
enzymes catalyzing the ﬁnal steps of Chl biosynthesis. These
results are in line with FLU operating as a mediator of feedback
control that modiﬁes GluTR activity according to the status of the
Mg-branch of tetrapyrrole biosynthesis.2. Materials and methods
A detailed description of the methods that were used in this
study is provided in the Supplementary materials and methods.
3. Results
3.1. FLU forms part of a protein complex in chloroplast membranes
The steady state level of the FLU protein is higher in Arabidopsis
seedlings and mature plants grown under continuous light than inlsevier B.V. All rights reserved.
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Fig. 1. Simpliﬁed scheme of tetrapyrrole biosynthesis and regulation in angio-
sperms. In higher plants all tetrapyrroles including chlorophylls, sirohemes, hemes
and phycobilins (phytochromobilin) are synthesized from a common precursor, 5-
aminolevulinic acid (ALA), via a branched pathway. Two known rate-limiting steps
regulate the metabolic ﬂux of this pathway, light-dependent reduction of proto-
chlorophyllide (Pchlide) to chlorophyllide (Chlide) and ALA synthesis. NADPH:pro-
tochlorophyllide oxidoreductases (POR) control the photo-reducing of Pchlide and,
the protein FLU as well as the amount of ‘‘free’’ heme control the rate of ALA
synthesis. Both, FLU and heme interact independently with the same target,
glutamyl-tRNA reductase (GluTR). The lack of heme oxygenase in hy1 perturbs the
breakdown of heme and leads to enhanced levels of ‘‘free’’ heme, thereby
attenuating ALA synthesis. MgProtoIXMME: Mg-protoporphyrin IX monomethyl
ester.
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Fig. 2. FLU belongs to a chloroplast protein complex. (A) FLU is a chloroplast
membrane protein. Chloroplasts were isolated from 20-day-old wild type plants
grown under continuous light and fractionated to soluble (‘‘stroma’’) and mem-
brane fractions. After complete solubilization of proteins in SDS containing buffer,
proteins were subjected to SDS-PAGE and Western analysis. As a loading control,
Ponceau S stained membrane after protein transfer is shown. The same membrane
was used for detection of FLU. (B) On a blue native gel, FLU migrates as a protein of
approximately 200 kDa. Chloroplasts were isolated from wild type and ﬂu plants
grown under continuous light, solubilized with dodecyl-b-D-maltoside at 1.66%
ﬁnal concentration and subjected to blue native gel electrophoresis (left panel) and
Western analysis with anti-FLU antibody (right panel). Black boxes indicate the
positions at which gel fragments were cut out for LC-ESI-MS/MS analysis. In the ﬂu
line used, FLU is not detectable [6]. An unspeciﬁc protein band visible in both, wild
type and ﬂu, was detected due to the detection system used.
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thesis in the ﬂu mutant exceeds that of wild type plants [6]. These
ﬁndings demonstrate that FLU does not only operate in dark-treated
plants and that the components of the FLU-dependent regulatory
mechanism should be also accessible in light-grown plants. There-
fore, all of the following experiments were done with light-grown
plants.
With a FLU-speciﬁc antibody, FLU was exclusively found within
the chloroplast membrane fraction (Fig. 2A) conﬁrming results of
previous studies of FLU import into isolated pea chloroplasts [5].
Furthermore, publicly available quantitative proteomics data of
puriﬁed sub-compartments of the chloroplast showed that 87% of
the spectra counts from the FLU protein were identiﬁed in thyla-
koid membranes and 13% in puriﬁed envelopes (Fig. S1) [7]
(www.grenoble.prabi.fr/at_chloro). A similar dual localization
inside the chloroplast has already been demonstrated for several
enzymes catalyzing the ﬁnal steps of Chl biosynthesis [8–10].
To investigate whether FLU forms part of a larger protein com-
plex, blue native gel electrophoresis (BNGE) was used in combina-
tion with immunoblotting. Chloroplasts were isolated from wild
type and ﬂu plants grown under continuous light and proteins
were solubilized with the mild detergent dodecyl-b-D-maltoside
[11]. Proteins were separated on blue native gels, transferred onto
polyvinylidene ﬂuoride (PVDF) membranes and FLU was detected
immunologically. Even though the ﬂumutant used for this analysis
lacks the FLU protein, the pattern and abundance of major chloro-
plast protein complexes were not altered in ﬂu when compared to
the wild type (Fig. 2B, left panel). This result is in line with our ear-
lier observation that the enhanced rate of ALA synthesis in light-
grown ﬂu does not change the Chl content and the visible pheno-
type of the mutant, when compared to wild type [12].
With the FLU antibody, a major complex of approximately
200 kDa was detected in wild type but not in ﬂu chloroplasts
(Fig. 2B, right panel). Since the apparent molecular weight of the
mature FLU protein is 22 kDa [6], the higher molecular weightobserved suggests that in chloroplasts FLU forms part of a larger
protein complex. This complex does not co-migrate with any of
the major protein complexes separated by BNGE (Fig. 2B). The
200 kDa FLU-containing complex was also detected when solubi-
lized proteins of the chloroplast membrane fraction were subjected
to BNGE and Western analysis (Fig. S2A). Thus, separation of chlo-
roplast membranes from the soluble stroma prior to solubilization
did not affect the electrophoretic mobility of the major FLU-con-
taining complex. As an additional control, another mild detergent,
digitonin, was used for solubilization of chloroplast membranes.
Also in this case the 200 kDa FLU-containing complex was detected
even though some smearing of the protein band occurred (Fig. S2B).
For these experiments, detergents were used at a ﬁnal concen-
tration of 1.66%. At lower concentrations both detergents were less
efﬁcient in releasing the FLU-containing complex from chloroplast
membranes. Collectively, these results show that the FLU-contain-
ing complex is tightly associated with chloroplast membranes.
3.2. FLU co-migrates on a blue native gel with several enzymes of the
chlorophyll biosynthesis pathway
In addition to the major complex of 200 kDa, FLU-containing
protein bands of approximately 140, 600, 700–800, and 1000 kDa
were also detected, although they were less abundant than the
200 kDa complex and their relative intensities varied in different
experiments (Fig. 2B, Fig. S2). The following attempts to character-
ize constituents of these complexes were based on the premise
that the 200 kDa complex forms a core unit that may also form
higher molecular weight aggregates. In such a case one might ex-
pect that among the proteins co-migrating with FLU at 200 kDa
on a blue native gel genuine constituents of the FLU complex
should also be found co-migrating with FLU in gel sections contain-
ing higher molecular weight forms of the core unit.
Table 1
FLU interaction partners belonging to the tetrapyrrole biosynthesis pathway identiﬁed by mass spectrometry in both BNGE and Co-IP experiments performed with plants grown
in the light. The total number of peptides identiﬁed in each experiment is given.
Accession Description BN1 200 kDa BN1 700 kDa BN2 200 kDa BN2 700 kDa Co-IP light1 Co-IP light2 Co-IP dark
AT3G14110 FLU 5 2 2 2 18 35 22
AT3G56940 CHL27 5 6 2 2 1 4 11
AT4G27440 PORB 3 2 2 1 2 2 4
AT1G03630 POR C 4 2 2 1 2 2 2
AT1G74470 Geranylgeranyl reductase 10 7 9 10 2 19 8
AT1G58290 GluTR 0 0 0 0 0 0 5
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maltoside and protein separation by BNGE, gel pieces expected to
contain the 200 kDa and the 700–800 kDa FLU-containing com-
plexes were cut out (Fig. 2B). In-gel digestion was performed and
the resulting peptides were subjected to LC-MS/MS analysis using
a high mass accuracy FT-ICR mass spectrometer. The entire exper-
iment was repeated twice. Acquired MS/MS data were searched
with Mascot [13]. An expectation value below 0.05 and a score
higher than 39 were required for identiﬁcation. These criteria re-
sulted in a false positive rate below 1% at peptide level. Only
proteins found in both experiments were considered as truly co-
migrating. In gel sections containing the 200 kDa FLU-containing
band, a total of 117 proteins were identiﬁed and FLU was one of
them (Dataset S1). Several enzymes of the chlorophyll biosynthesis
branch that catalyze consecutive reactions co-migrated with FLU.
These were Mg-protoporphyrin IX methyl transferase (CHLM), a
subunit of Mg-protoporphyrin IX monomethylester oxidative cy-
clase (CHL27), NADPH:protochlorophyllide oxidoreductases B and
C (PORB and PORC), 3,8-divinyl protochlorophyllide reductase
(DVR), and chlorophyll synthase (CHLG) [14] (Fig. 1). It seemed
conceivable that these enzymes form a super-complex, channeling
intermediates of chlorophyll synthesis with FLU being a regulatory
subunit. In such a case these enzymes should also be present in gel
sections containing the 700–800 kDa FLU-containing complex.
However, among the 72 proteins detected in this portion of the
gel only FLU, CHL27, PORB, PORC, and DVR were present but not
CHLM and CHLG (Dataset S1). Out of the 72 proteins co-migrating
with FLU at 700–800 kDa, 61 also co-migrated at 200 kDa (Dataset
S1). This suggests that the 700–800 kDa complex represents a mul-
timer/aggregate of the 200 kDa unit rather than a completely dif-
ferent FLU-containing complex or a variant of the 200 kDa
complex that contains additional protein subunits. In addition,
the eleven proteins that were uniquely present only at the 700–
800 kDa position of the gel are not known to form complexes or
to be functionally related with each other (Dataset S1; www.ara-
bidopsis.org). If our assumption is correct, partners of FLU should
be present among the 61 proteins co-migrating with FLU at
200 kDa and at 700–800 kDa (Dataset S1).
Thirty-three of the 61 proteins belong to known chloroplast
protein complexes, such as PSI and PSII, cytochrome b6f, ATP syn-
thase, RUBISCO (Dataset S1). These proteins are unlikely to be part-
ners of FLU, as FLU was not found to co-migrate with any of the
known complexes (Fig. 2B, Fig. S2A). Since most of the 33 proteins
are very abundant in the Arabidopsis leaf proteome [15]
(www.atproteome.ethz.ch), they probably represent minor con-
taminants throughout the gel. Among the remaining 28 proteins
(Dataset S1), the three enzymes, CHL27, PORB and PORC, involved
in the ﬁnal steps of Chl synthesis [9,16,17] (Fig. 1), were considered
as the most likely candidates for building a complex with FLU.
Physical interactions between FLU and these three enzymes were
tested by co-immunoprecipitation (Co-IP).
3.3. CHL27, PORB and PORC form a protein complex with FLU
For Co-IP experiments, a ﬂu line was used that had been com-
plemented with a FLU-HA fusion under the control of the 35Spromoter (ﬂu/FLU-HA) [18]. Wild type served as a control. Intact
chloroplasts were isolated from plants grown for 20 days under
16 h light/8 h dark cycles and then transferred for the last 24 h to
continuous light. Chloroplasts were solubilized with dodecyl-b-D-
maltoside and incubated with the antibody against the HA-tag
and protein A-sepharose. After washing protein A-sepharose, elut-
ing bound proteins and separating them by SDS-PAGE, the entire
gel lines were used for in-gel digestion. Resulting peptides were
identiﬁed by LC-MS/MS. The experiment was repeated twice. As
expected, in both experiments the FLU protein was found to be
highly abundant in the sample obtained from ﬂu/FLU-HA but was
not present in the wild type sample (Dataset S2). Only proteins
that were present in the ﬂu/FLU-HA samples and absent in the wild
type controls of both experiments were considered as co-immuno-
precipitating with FLU. A total of 15 such proteins were found
(Dataset S2). PORB and PORC were among them, both with two
peptides in the two experiments (Dataset S2). CHL27 was also
found co-immunoprecipitating with FLU (one and four peptides
in the two experiments) (Dataset S2).
Proteins that form a stable complex with FLU would be ex-
pected not only to co-immunoprecipitate but also to co-migrate
during BNGE. The list of the 15 proteins co-immunoprecipitating
with FLU was compared with the list of the 61 proteins co-migrat-
ing with FLU on a blue native gel at 200 kDa and at 700–800 kDa.
Five of these proteins, CHL27, PORB, PORC, geranylgeranyl reduc-
tase, and the large subunit of RUBISCO (RBCL) co-immunoprecipi-
tated and co-migrated with FLU (Dataset S3, bold letters). RBCL,
being a very abundant protein in Arabidospsis leaves [15] is most
probably a contaminant and not a speciﬁc FLU-interacting partner.
Thus, CHL27, PORB, PORC and geranylgeranyl reductase were
considered as possible candidates to build a complex with FLU
(Table 1). All these proteins had previously already been found to
be associated with chloroplast membranes [6,9,19]. The sum of
the molecular weights of FLU, PORB, PORC, CHL27, and geranylger-
anyl reductase would be slightly less than 200 kDa, if each of these
proteins were present with a single copy. As the stoichiometry of
putative subunits of the complex has not been determined yet, at
present formation of dimers of some of these proteins cannot be
excluded.3.4. FLU co-immunoprecipitates with CHL27
The reliability of the co-immunoprecipitation assay was tested
more vigorously for one of the putative constituents of the FLU-con-
taining complex, the cyclase (CHL 27). Intact chloroplasts of wild
type and ﬂuwere solubilized with dodecyl-b-D-maltoside and incu-
bated with the FLU-speciﬁc antibody and protein A-sepharose.
After washing the sepharose and elution, SDS-PAGE and blotting
of bound proteins, FLU-speciﬁc and CHL27-speciﬁc antibodies were
used for detection of FLU and CHL27. As expected, FLU was immu-
noprecipitated only from the solubilized chloroplasts of wild type
but not from ﬂu (Fig. 3A). With the CHL27-speciﬁc antibody, a pro-
tein with the expected 40 kDa molecular weight of mature CHL27
was detected in the wild type but not in the ﬂu samples (Fig. 3A).
In a second experiment, chloroplasts of the ﬂu/FLU-HA line and wild
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Fig. 3. FLU co-immunoprecipitates with CHL27. (A) Chloroplasts were isolated from wild type and ﬂu plants grown under continuous light in two independent replicas and
solubilized with dodecyl-b-D-maltoside at 1.66% ﬁnal concentration. For immunoprecipitation, anti-FLU antibody was used. Proteins eluted after immunoprecipitation were
subjected to SDS-PAGE and immunoblotting with anti-FLU and anti-CHL27 antisera. (B) Chloroplasts were isolated from wild type and ﬂu complemented with FLU cDNA to
which an HA-tag had been fused (ﬂu/FLU-HA) in two independent replicas. Plants were initially grown under 16 h light/8 h dark cycles and prior the experiment shifted to
continuous light for 1 day. The experiment was carried out as in (A) except that the anti-HA antibody was used for immunoprecipitation. (C) The experiment was performed
as in (A) except that the anti-CHL27 antibody (CHL27) or pre-immune serum (PI) was used for immunoprecipitation. Arrowheads indicate FLU and CHL27. Protein bands of
approximately 50 kDa are heavy chains of the antibodies used for IP since the antibodies had not been cross-linked to protein A sepharose.
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with the antibody against the HA-tag. For detection of proteins on
Western blots, the FLU- and CHL27-speciﬁc antibodies were used.
FLU was immunoprecipitated from the solubilized chloroplasts of
ﬂu/FLU-HA but not from wild type that served as a negative control
(Fig. 3B). CHL27 was detected in the ﬂu/FLU-HA but not in the wild
type samples (Fig. 3B). These results are in agreement with those
obtained when LC-MS/MS was used for detection of proteins. Final-
ly, the CHL27-speciﬁc antibody or pre-immune serum was used for
immunoprecipitation. With the CHL27-speciﬁc antibody, similar
amounts of CHL27 were immunoprecipitated from the solubilized
chloroplasts of wild type and ﬂu (Fig. 3C). Hence, in light-grown
plants CHL27 levels were not affected by the lack of the FLU protein.
CHL27 was not detected on Western blot when immunoprecipita-
tion was performed with the pre-immune serum (Fig. 3C). FLU
was detected only in the wild type sample when the CHL27-speciﬁc
antibody had been used for immunoprecipitation (Fig. 3C). Alto-
gether, the co-immunoprecipitation of FLU and CHL27 conﬁrms
the reliability of the co-immunoprecipitation assay and strongly
supports the notion that CHL27 forms part of the FLU-containing
200 kDa complex.
3.5. FLU interacts with GluTR
FLU was previously reported to interact with GluTR (HEMA1)
and negatively regulate Pchlide formation in the dark [5,6]. In
the BNGE and co-immunoprecipitation experiments performed
with chloroplast extracts of plants grown in continuous light, we
could not identify HEMA1 (Dataset S1 and S2). Therefore we per-
formed an additional co-immunoprecipitation experiment with
chloroplast extracts of light-grown plants that had been trans-
ferred to darkness for four hours. Analysis by LC-MS/MS revealed
49 proteins co-immunoprecipitating with FLU in the dark (Dataset
S4). In addition to FLU, PORB, PORC, CHL27, and geranylgeranyl
reductase, we also identiﬁed HEMA1 thus suggesting that FLU
interacts with HEMA1 only in the absence of light (Table 1).
4. Discussion
Plants accumulating free tetrapyrroles are particularly prone to
photooxidative damage. Tight control of this pathway is essential
for their survival. It is not surprising that several different mecha-
nisms have evolved to achieve this goal [1]. Among themmetabolic
feedback control plays a key role in regulating the metabolic ﬂux
and keeping the steady state concentration of intermediates at a
minimum. Metabolic feedback inhibition is often exerted on theﬁrst enzyme of a biosynthetic route by the ﬁnal product of the
pathway. Enhanced levels of heme inhibit ALA synthesis [20],
and heme was shown to interact with the N-terminal part of glut-
amyl-tRNA reductase, the ﬁrst enzyme committed to tetrapyrrole
synthesis [3]. Based on these in vitro studies, feedback control of
tetrapyrrole biosynthesis was subsequently ascribed primarily to
heme [2].
Genetic screens aimed at identifying components involved in
mediating negative feedback control of tetrapyrrole biosynthesis
led to the discovery of another negative regulator, the FLU protein
[5]. The mature FLU protein contains a hydrophobic N-terminus
with which it seems to be ﬁrmly attached to plastid membranes
[5]. The hydrophilic C-terminal part of FLU contains a coiled coil
and a tetratricopeptide repeat (TPR) domain, both implicated in
protein-protein interactions. FLU binds to GluTR. This interaction
requires the TPR domain of FLU and the C-terminus of GluTR
[4,6]. As inhibition of GluTR by heme requires 30 N-terminal amino
acids of the enzyme, heme and FLU seem to act independently on
the same target [6]. Two possible mechanisms of how FLU may
control the activity of GluTR have initially been envisaged [2,5].
FLU could modulate the sensitivity of the heme-dependent feed-
back pathway or it may mediate another feedback control from
the Mg-branch of tetrapyrrole pathway. The results of our present
work strongly support the second option. FLU co-immunoprecipi-
tates with CHL27, PORB, PORC and also co-migrates with these
proteins in a blue native gel. The presence of a complex consisting
of CHL27, PORB, PORC, and FLU suggests that FLU-dependent con-
trol of Chl biosynthesis involves an interaction between FLU,
CHL27, and POR. The nature of this proposed interaction is not
known and needs to be analyzed in future studies.
The rate of ALA synthesis has been found to be inversely propor-
tional to the level of photoactive Pchlide [21,22]. Hence, the results
of our present study would be in support of a negative feedback
control of ALA synthesis that depends on an interaction of FLU with
GluTR that is driven by the binding of Pchlide to POR, for instance
when light-grown plants are transferred to the dark (22) (‘‘open’’
and ‘‘close’’ states of ALA synthesis, Fig. 4). In the absence of FLU,
ALA synthesis in the ﬂu mutant would be permanently in an
‘‘open’’ state [6]. In light-grown wild type seedlings the ratio of
‘‘Pchlide bound’’- to ‘‘Pchlide free’’–CHL27–POR would be expected
to be very low but not to reach zero, as inactivation of FLU in the ﬂu
mutant further increases the rate of ALA synthesis [6]. FLU is able
to interact with GluTR in yeast cells that do not contain the CHL27–
POR–Pchlide complex [4]. Thus, FLU not bound to CHL27–POR
would seem to have a similar afﬁnity for GluTR as FLU bound to
the CHL27–POR–Pchlide complex. Lack of either POR or CHL27
POR 
FLU
Glu-TR
ALA Glu
ALA synthesis open (light)
ALA Glu
ALA synthesis closed (dark)
CHL27 POR 
FLU
CHL27
Pchlide
Glu-TR
Fig. 4. A proposed hypothetical mechanism of FLU action: FLU, being part of the
‘‘Pchlide free’’ POR–cyclase complex, would not interact with GluTR and leave the
ALA synthesis ‘‘open’’. However, when Pchlide is bound to POR, FLU as part of the
POR–cyclase complex would be able to interact with GluTR and inhibit it. ALA
synthesis rate would thus depend on the ratio of ‘‘Pchlide bound’’ to ‘‘Pchlide free’’
cyclase–POR–FLU complexes.
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way may prevent the binding of FLU to it. In such a case FLU may
bind and inhibit GluTR and suppress ALA synthesis. Plants lacking
POR or CHL27 would therefore be expected not to over-accumulate
Pchlide or its precursor, Mg-protoporphyrin IX monomethyl ester
(MgProtoIXMME), respectively. Indeed, there are ﬁndings that are
compatible with this proposal. Over-accumulation of Pchlide has
not been observed in light grown or in dark-treated porBporC mu-
tant seedlings lacking PORB and PORC [17]. Furthermore, etiolated
seedlings with reduced POR levels due to the expression of either
PORA or PORB antisense RNA did not over-accumulate Pchlide
[23]. Also plants with reduced CHL27 levels due to the expression
of CHL27 antisense mRNA do not over-accumulate MgProtoIXMME,
but they do so after feeding with exogenous ALA [9]. The same
holds true for CHL27-deﬁcient mutants of barley [24]. Barley seed-
lings accumulate MgProtoIXMME only in the tig-d mutant back-
ground that lacks the FLU protein [25] or when fed with ALA
[24]. In a knockout mutant of Mg-protoporphyrin IX methyltrans-
ferase (CHLM), an enzyme that precedes CHL27 in the chlorophyll
biosynthesis pathway, CHL27 and POR are present at wild type lev-
els [26]. As discussed above, they should exist in the ‘‘Pchlide free’’
form that would prevent FLU from interacting with GluTR and sup-
pressing ALA synthesis. Indeed, in the chlm mutant ALA synthesis
seems not to be inhibited as indicated by the over-accumulation
of the enzyme’s substrate, Mg-protoporphyrin IX [26].
Our work supports the notion that FLU operates as a mediator of
feedback control thatmodiﬁesGluTR activity according to the status
of the Mg-branch of tetrapyrrole biosynthesis. Several open ques-
tions remain to be addressed in futurework. First of all, the proposed
regulatory role of photoactive Pchlide needs to be conﬁrmed exper-
imentally and details of how it may modulate the suppressor activ-
ity of FLU are still lacking. In addition to CHL27, PORB and PORC, also
geranylgeranyl reductase co-immunoprecipitates and co-migrates
with FLU. Interestingly, recently an interaction between geranylger-
anyl reductase and Lil3, a LHC-like protein that contains a mem-
brane-spanning LHC motif has been described [27]. Lil3 has been
proposed to be functionally involved in Chl biosynthesis by stabiliz-
ing geranylgeranyl reductase. It remains to be tested whether this
latter enzyme forms a genuine part of the FLU-containing complex.
Finally, it is not clear howparticular needs of each of the tetrapyrrole
biosynthesis branches for substrates are translated into signals that
modulate the metabolic ﬂux of the initial steps.
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